MXenes are a new and unique class of graphene-like 2D materials, first reported in 2011. 1 They have exciting electronic and mechanical properties and this has invigorated further research from the wider community with the aim of exploiting and enhancing their properties for a diverse range of technologies, including energy production and storage, 2,3 bio-sensing 4, 5, 6 and antibacterial activity. 7 MXenes are composed of early transition metal carbide/nitrides which are produced via etching of the 3D MAX parent phase followed by solution based exfoliation using sonication. The parent phase has a general composition of Mn+1AXn (n = 1, 2, or 3) 1, 8, 9 where M is an early transition metal (e.g. Ti, V, Cr), A is a group 3A or 4A element (e.g. Al, Si, Sn), and X can be carbon/nitrogen. Contrary to graphene and other layered materials, which are held together by weak van der Waals interactions, inter-planar M-A bonding is inherently strong. Selective chemical etching out the A layer from the MAX phase, typically using hydrofluoric acid (HF) (or lithium fluoride in hydrochloric acid or ammonium difluoride), 3 results in surface functionalized (OH, O or F, noted as Tx) stacks of Mn+1XnTx layers. 10, 11 The resulting MX phase multi-layered plates can then undergo exfoliation to produce few or single layered 2D nanosheets of hexagonally arranged metal carbides or nitrides, which are said to resemble graphene sheets, leading to them being named MXenes. 12 MXenes exhibit promising properties for use as Li-ion battery electrodes, 2, 8 energy storage supercapacitors, 1, 13 and selective heavy-metal adsorption. 14, 15 However, there are challenges to address, as most of uses of these materials are restricted to the structure of MXene in layered bulk form. This possibly reflects a non-optimisation of performance or efficiency for the materials, and the properties of MXenes could be enhanced by increased delamination to achieve fewer layered plates.
As with other 2D nanomaterials such as graphene, an increase in functionality is considered to be due to the larger lateral surface area, and the extent/type of functional surface termination groups. 10, 11 Since the first report by Naguib et al. 21 and this relates to its solubility in aqueous solutions over a wider pH range than its smaller sized counterparts. 22 This property also offers advantages over other exfoliation methods (e.g. ion intercalation which can be time consuming) and the ability to assist exfoliation in water rather than organic solvents, thereby reducing the potential for generating a waste stream. Also noteworthy is that p-phosphonated calix[n]arene are effective in templating the growth and stabilizing metallic nanoparticle, 23 and size selective uptake of Single-Walled Carbon Nano-Tubes (SWCNT).
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Herein we report the exfoliation and unprecedented control of morphology of Ti2C (MXene) multilayered plates derived from the MAX phase parent Ti2AlC following the aforesaid HF etching.
Control of morphology was predetermined by the choice of ring size of the p-phosphonic acid calix[n]arene (PCXn) in the aqueous solutions under ultrasonication, as summarised in Figure 1 .
The resulting nanomaterials were characterized using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, X-ray powder diffraction (XRD) and atomic force microscopy (AFM). The largest phosphonic acid calixarene, PCX8, has the greatest conformational flexibility and dexterity, which presumably relates to its ability to transform MXene (Ti2C) sheets into scrolls (Figure 2f , 3e, 3f and 4d). This is in high yield with the scrolls having diameters derived from SEM imaging in the range of 0.5-0.9 µm. Whilst preliminary evidence of scroll formation for MXenes (Ti3C2) had been noted in the original report, 1 these were in low yield and found scattered among the predominant delaminated layers. We envisage that the M-PCX8 scrolls arise from the flexible calixarene being able to effectively interplay with an MXene sheet from either side of the plane of the macrocycle. It is also notable that the calixarene is possibly effective in acting as a wedge in starting the exfoliation process, as proposed for the effective exfoliation of graphene using the same calixarene. 22 The formation of scrolls may offer a pathway to the showing hexagonal symmetry. 27 The TEM image for M-PCX8 at higher resolution (Figure 3f 28 A periodicity perpendicular to the direction of elongation and close to c/2 (ranging from 0.93 to 1.1 depending on the area selected) is also found by TEM analyses (see Figure 3f ). This corresponds to the stacking periodicity of the Ti2C layers. Such periodicity does not appear constant over the whole crystal and could be affected by variations in the interlayer content or merely by TEM sample preparation or electron beam damage.
The resulting unit cell parameters from the Pawley refinements are reported in Table 1 . The crystal size of the polycrystalline powder calculated from the peak broadening according to the Scherrer equation was 11 ± 2 nm for all samples. Structural Rietveld refinements would not be reliable due to the intrinsic bad quality of powder diffraction data from the nanocrystalline materials.
Nonetheless, a principal component analysis (PCA) test was performed to investigate the differences between the PXRD patterns shown in Figure 4d (see SI). The PCA test indicates that the M-PCX4 sample is more similar to the control sample than M-PCX5 and M-PCX8, the latter being the most different of them all. Since the diffraction peak broadening does not change significantly from one sample to the other, the difference must be related mostly to the intensities. This observation suggests that the textural differences observed by SEM analyses, where the control and M-PCX4 sample show a similar morphology, reflects similarities in their crystal structures. This would further confirm that this calixarene macrocycle in M-PCX4 is small and crosses between the MXene layers, while this is no longer the case with M-PCX5 and M-PCX8. Sample M-PCX6 was not included in the Pawley refinement study or in the PCA investigations due to the amorphous nature of its powder diffraction pattern (see SI).
Raman spectra of the MXene samples (see SI for details) feature peaks II, III and IV that correspond to MXene which can be assigned to the vibrations of non-stoichiometric titanium carbide. 30 The spectra for the materials also indicate the presence of anatase TiO2 (peak I), which is most likely due to the localised heat generated during Raman analysis. The Raman spectra demonstrated a significant peak broadening and downshifting after exfoliation for all the samples, except M-PCX8.
The peak downshifting is typically attributed to the decrease in layer thickness of 2D inorganic materials.
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In summary, we have established that the presence of p-phosphonic acid calix[n]arene (PCXn) during ultrasonication of MXene in water, not only resulted in delaminated MXene, but also the ability to control/change the morphology of the MXene. The ability to generate sheets, crumpled sheets, spheres or scrolls may be applicable to a wide range of laminar materials. In addition, this work sets the scene for further developing the potential of MXenes from the 60 plus currently known existing MAX phases 31 thus offering scope for a diverse range of potential applications.
